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^ (57) Abstract: A method of authenticating a media signal (100) and related software, systems and applications. The method trans- 
£5 forms at least a portion of the media signal to a set of frequency coefficients in a frequency domain (104). For example, it applies 
^? a Fast Fourier Transform (FFT) or other frequency transform to blocks of a media signal, such as an image, audio or video signal. 
2 It adjusts a relationship between selected frequency coefficients to a reference value (128). This adjustment is selected so that an 
alteration to be detected such as a re-sampling operation or digital to analog-analog to digital conversion, alters the relationship. To 
Q detect the alteration, a detector computes the relationship in a potentially corrupted version of the signal (120). It then compares the 
^ result with a threshold value to detect whether the alteration has occurred. The degradation of a watermark signal is also used to 
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Authenticating and Measuring Quality of Service of Multimedia 
Signals Using Digital Watermark Analyses 

Related Application Data 

This patent application is a continuation in part of U.S. Patent Application 
5 09/73 1,456, filed December 6, 2000, which claims benefit of U.S. Provisional 

Application 60/232,1 63 filed September 11, 2000. This patent application is also a 
continuation in part of U.S. Patent Application 09/938,870, filed August 23, 2001, 
which is a continuation in part of U.S. Patent Application 09/840,016, filed April 20, 
2001 . The above patent applications are hereby incorporated by reference. 

10 

Technical Field 

The invention relates to steganography, data hiding, and authentication of media 
signals, such as images and audio signals. 

Background and Summary 

15 Digital watermarking is a process for modifying physical or electronic media to 

embed a machine-readable code into the media. The media may be modified such that 
the embedded code is imperceptible or nearly imperceptible to the user, yet may be 
detected through an automated detection process. Most commonly, digital 
watermarking is applied to media signals such as images, audio signals, and video 

20 signals. However, it may also be applied to other types of media objects, including 

documents (e.g., through line, word or character shifting), software, multi-dimensional 
graphics models, and surface textures of objects. 

Digital watermarking systems typically have two primary components: an 
encoder that embeds the watermark in a host media signal, and a decoder that detects 

25 and reads the embedded watermark from a signal suspected of containing a watermark 
(a suspect signal). The encoder embeds a watermark by altering the host media signal. 
The reading component analyzes a suspect signal to detect whiether a watermark is 
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present. Ia applications where the watermark encodes information, the reader extracts 
this information from the detected watermark. 

Several particular watermarking techniques have been developed. The reader is 
presumed to be familiar with the literature in this field. Particular techniques for 

5 embedding and detecting imperceptible watermarks in media signals are detailed in the 
assignee's co-pending application serial number 09/503,881 and US Patent 5,862,260, 
which are hereby incorporated by reference. Examples of other watermarking 
techniques are described in US Patent Application 09/404,292, which is hereby 
incorporated by reference. Additional features of watermarks relating to authentication 

10 of media signals and fragile watermarks are described in US Patent application 

60/198,138, 09/498,223, 09/433,104, and 60/232,163, which is hereby incorporated by 
reference. 

The invention provides a method of authenticating a media signal and related 
software, systems and applications. The method transforms at least a portion of the 
15 media signal into a set of frequency coefficients in a frequency domain. For example, 
it applies a Fast Fourier Transform (FFT) or Other frequency transform to blocks of a 
media signal, such as an image, audio or video signal. It adjusts a relationship between 
selected frequency coefficients to a reference value. This adjustment is selected so that 
an alteration to be detected, such as a re-sampling operation or digital to analog- analog 
20 to digital conversion, alters the relationship. To detect the alteration, a detector 
computes the relationship in a potentially corrupted version of the signal. It then 
compares the result with a threshold value to detect whether the alteration has occurred. 

A further aspect of the invention is a method of authenticating a media signal. 
The method evaluates signal peaks at selected frequency coefficients of the media 
25 signal. In a prior embedding process, the media signal has been modified to include 
peaks at the selected frequencies, such as by the technique summarized in the previous 
paragraph. The method determines, based on degradation of the signal peaks, whether 
the media signal has been altered. The frequency location of the peaks may vary from 
oneapphcationtothenext. To detect, scanning and printing of watermarked images 
30 for example, the peaks are located at higher frequencies. 

Another aspect of the invention is a watermark decoder, which includes a 
detector and analyzer for determining alteration of a watermarked media signal. The 
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detector correlates a calibration signal with a media signal suspected of carrying a 
watermark to determine orientation parameters describing orientation of the media 
signal at embedding of the watermark. The calibration signal includes a set of peaks at 
selected frequency coefficients. The analyzer orients the media signal using the 
5 orientation parameters and evaluates whether the media signal has been altered by 
examining signal peaks at selected frequency coefficients in the media signal. 

The invention also provides a method of measuring the quality of service of 
broadcast media signals by analyzing digital watermarks embedded in the received 
broadcast signal. This method enables the quality of the broadcast video or audio 

10 signal to be measured without having the original version of the signal before broadcast 
transmission. Instead, the method analyzes the strength or quality of the embedded 
digital watermark to determine the quality of the received broadcast signal. 

One aspect of the invention is a method of measuring quality of service of a 
broadcast media signal using a digital watermark embedded in the broadcast media 

15 signal. The method extracts a digital watermark from the broadcast media signal, and 
evaluates the extracted digital watermark relative to a reference digital watermark to 
measure degradation in quality of service of the broadcast media signal based on 
differences between the extracted and reference digital watermarks. 
The method is implemented using fragile watermarks embedded in the broadcast 

20 multimedia signal. These fragile watermarks, which are imperceptible in the broadcast 
signal, are based on digital watermarks used for authentication of media objects. 

Further features will become apparent with reference to the following detailed 
description and accompanying drawings. The following description details a method 
for detecting whether an image has been scanned, printed or photocopied after being 

25 processed by the method. It also describes alternative implementations and 
applications. 

Brief Description of the Drawings 

Fig. 1 is a flow diagram illustrating a process of embedding an authentication 
30 watermark in a media signal. 
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Fig. 2 is a flow diagram illustrating a process of detecting the authentication 
watermark from a potentially corrupted version of the watermarked signal. 

Detailed Description 

Fig. 1 is a flow diagram illustrating a process of embedding an authentication 
5 watermark in an input media signal (100), and in particular, in an image. The 
embedder begins by dividing a grayscale image into NxN blocks of samples at a 
specified resolution (102), where N is a pre-defined integer. For each block, the 
embedder computes a frequency transform of the image samples in that block (104), 
namely, a fast Fourier transform. From the mid-frequency and mid-high frequency 
1 0 coefficients, the embedder selects M Fourier transform coefficients (106), where M is a 
pre-defined integer. The coefficient locations are fixed by a pre-defined pattern. For 
example, the locations are scattered among roughly 25 to 100 coefficient locations in 
the mid to mid-high frequency range of a Fourier transform domain of a block of image 
samples where N ranges from 64 to 512 at spatial resolutions ranging from 75 to 600 
15 dots per inch (DPI). The locations are symmetric about vertical and horizontal axes 
(and potentially diagonal axes) to facilitate detection as explained further below. 

For each of the M selected coefficients, x, the embedder computes a ratio of the 
magnitude of a selected coefficient relative to the magnitude of its neighbors (108). In 
particular, it is a ratio of the magnitude of the selected coefficient to the average 
20 magnitude of the surrounding neighbors: 

r(x) = Magnitude_of_x / Average_of_Magnitude_of_Eight_Neighbors_of_x 

If r(x) < r, where r is a pre-defined reference value, the embedder increases the 
magnitude of x such that: 
r(x) = r. 

25 In this implementation, the value of r is a pre-defined constant The reference 

may be derived dynamically from the input media signal. Also, the reference may be 
selected from a table of values so as to select the value of r in the table at the minimum 
distance from r(x). The adjustment to the host image is selected so as to be 
imperceptible or substantially imperceptible to a user in an output form of the 

30 watermarked signal. 
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Next, the embedder computes the inverse fast Fourier transform on each block 
to obtain the watermarked grayscale image (1 12). The watermarked image (1 14) may 
then undergo one or more transformations, such as digital to analog conversion, 
printing, scanning, analog to digital conversion, photocopying, etc. These 
5 transformations tend to corrupt the watermarked image in a predictable way. 

The watermarking process of Fig. 1 may be combined with another 
watermarking process to embed other watermarks, either robust or fragile to 
transformations such as sampling distortions, geometric distortions, scaling, rotation, 
cropping, etc. In particular, the process may be combined with an embedding process 
0 described in pending application serial number 09/503,881 or US Patent 5,862,260 to 
encode a calibration signal that enables a detector to compensate for distortions such as 
scaling, rotation, translation, differential scale, shear, etc. In one implementation, for 
example, the calibration signal comprises an array of impulse or delta functions 
scattered in a pattern in the Fourier domain of each block of image samples. To embed 
the pattern, the embedder perceptually adapts the calibration signal to the host image 
block and adds it to that block. The impulse functions of the calibration signal have a 
pre-defined magnitude and pseudo-random phase. To make the calibration signal less 
perceptible yet detectable, the embedder modulates the energy of the calibration signal 
according to the data hiding attributes (e.g., local contrast) of the image samples to 
which it is added. Preferably, the locations of the impulse functions are scattered 
across a range of frequencies to make them robust to transformations like spatial 
scaling, rotation, scanning, printing, and lossy compression. Further, they are 
preferably arranged to be symmetric about vertical and horizontal axes in the Fourier 
domain to facilitate detection after flipping or rotating the watermarked image. 
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coefficients as shown in Fig. 1 after the impulse functions of the calibration signal have 
been introduced, or the embedder calculates the watermarked signal taking into 
account the changes of the coefficient values due to the calibration signal and the 
process of Fig. 1. 

5 Another approach is to adjust the selected frequency coefficients in the method 

of Fig. 1 so that those coefficients act as both a calibration signal and an authentication 
signal. The locations of the coefficients for the method of Fig. 1 and the delta functions 
of the calibration signal are the same. The embedder increases the magnitudes of 
selected mid to mid-high frequency coefficients relative to their neighbors to achieve 
10 the desired relationship with neighboring coefficients for authentication purposes. 
Since this modulation includes the addition of a delta function to the selected 
coefficients, it also inherently embeds a calibration signal comprised of delta functions 
at the selected locations. To compensate for rotation and scale, the detector performs a 
Fourier Meffin transform of the suspect signal and the calibration signal into a log-polar 
15 space and then correlates the two signals. The location of the correlation peak in log 
polar space provides the spatial scale and rotation parameters. These parameters may 
then be used to compensate for rotation and scale changes before performing additional 
watermark decoding operations, such as the authentication operations of Fig. 2. 

To compute translation, the delta functions added to the selected coefficients 
20 may be given a known pseudorandom phase. In this case, the detector correlates the 
phase information of the calibration signal with the suspect signal after compensating 
for rotation and scale. The location of the correlation peak gives the translation offset 
in the horizontal and vertical directions. 

In addition to being integrated with other watermark signal components, the 
25 process of Fig. 1 may be combined with a robust watermark embedding process to 

carry a multi-bit message payload carrying metadata or a link to metadata stored in an 
external database. Example implementations for embedding this type of robust 
watermark are described in pending application serial number 09/503,881 and US 
Patent 5,862,260. 

30 Fig. 2 is a flow diagram illustrating a process of detecting the authentication 

watermark from a potentially corrupted version of the watermarked media signal (120) 
from the process of Fig. 1 . The first four steps (122) are the same as shown in the 
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embedder. For each block, the detector computes the average of r(x), where x is over 
all M selected coefficients (124), 
R = Average_ofr(x) 

The detector computes the average of R over all blocks (126), 
5 AR = Average_of_R 

A related approach is to use a weighted average as follows. For each block, the 
detector computes a weighted average of r(x), where x is over all M selected 
coefficients (124), 

R = Siun_ofl(weight_for_location_x * r(x)) 
10 In this approach, the weights are fixed positive constant 

image, with the weight sum equal to 1. For copy detection applications, the weight for 
each location is adapted for printers and printing substrates used to produce original 
printed items. 

The weighting factors are determined such that, for these printers and 
15 substrates, originals will be statistically optimally differentiated from copies. Based on 
our experiments, the weights in higher frequency components are usually higher. 
However the weights in the highest frequency components are actually tuned lower, 
because some reproduction devices (like photo copy machines) capture the highest 
frequency reasonably well, and the first (original) printing process introduces noise to 
20 the highest frequency components in the original printed items. 

After obtaining the weighted average R for each block, the detector computes 
the average of R over all blocks (126), 
AR = Average_of_R" 

To detect whether the watermarked signal has undergone alterations, the 
25 detector compares the average of R with a pre-defined threshold (128). If AR >= T, 

where T is a pre-defined threshold, then the detector classifies it as original. If AR < T, 
then the detector classifies it as a copy. 

Depending on the application, the detector may indicate the result (130) to a 
user through some user interface (e.g., visual display, audio output such as text to 
30 speech synthesis, etc.). The detector may also indicate the result (130) to another 

software process or device to take further action, such as communicating the event to a 
another device or database for logging, recording tracer data about the user or device in 
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which the alteration is detected, linking the detecting device to a network resource such 
as a web site at a specified URL that informs the user about usage rules, licensing 
opportunities, etc. 

To make the process robust to geometric distortion, the detector includes a pre- 
5 processing phase in which it correlates a calibration signal with the potentially 
corrupted watermarked signal as described in pending application serial number 
09/503,881 or US Patent 5,862,260. Using a Fourier Mellin transform, the detector 
maps both the calibration signal and the received signal into a log polar coordinate 
space and correlates the signals (e.g., using generalized matched filters) to calculate 
10 estimates of rotation and scale. After compensating for rotation and scale, the detector 
uses the phase information of the calibration signal to compute translation, e.g., the 
origin or reference point for each block. Further correlation operations may be used to 
compute differential scale (e.g., the change in scale in the horizontal and vertical 
directions after watermarking). After compensating for geometric distortion, the 
15 detector executes the process of Fig. 2 to detect alteration in the selected frequency 
coefficients modified according to the method shown in Fig. 1 . 

While the invention is illustrated with respect to a specific implementation, it 
may be implemented in a variety of alternative ways. For example, the above example 
specifically refers to a grayscale image. This example may be adapted to other types of 
20 images including video and still imagery, color and monochrome images, etc. For 
color images, the embedding and detecting operations may be performed on two or 
more color channels, including luminance, chrominance or some other color channels. 
The embedding and detecting operations may be applied to frequency coefficients of 
alternative frequency transforms, such as DCT and wavelet, to name a few. 
25 The embedding process shown in Fig. 1 may be performed on a portion of the 

host signal to create a watermark signal that is combined with the host signal. For 
example, in one possible implementation, the embedder pre-filters the host signal to 
yield a high pass filtered signal including content at the mid and high frequency ranges 
impacted by the watermark. The embedder makes the modification to this filtered 
30 signal, and then combines the resulting modified signal with the original signal. 
The embedding and detecting processes may also be integrated into 
compression and decompression operations. For example, the frequency domain 
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transform may be executed as part of a compression process, such as JPEG, JPEG 2000 
or MPEG, where blocks of the signal are transformed into a frequency domain. Once 
converted to the frequency domain, frequency coefficients may be adjusted as 
described above. 

5 The embedding and detecting operations apply to other media types, including 

audio media signals. In addition, the frequency domain coefficients may be selected 
and adjusted to reference values to detect other types of signal alteration, such as lossy 
compression, digital to analog and analog to digital conversion, downsampling and 
upsampling, etc. 

10 Semi-fragile watermarks 

A related watermarking approach is to use an array of Fourier magnitude 
impulse functions with random phase (a calibration signal, also referred to as a 
watermark synchronization or orientation signal) for semi-fragile, and copy and copy- 
attack resistant watermarks. Semi-fragile refers to a watermark that degrades in 

1 5 response to some types of degradation of the watermarked signal but not others. In 
particular for document authentication applications using such a watermark, the 
watermark decoder can determine if the watermark has been scanned and printed or 
battered by normal usage, potentially while being read with a web camera. The copy- 
attack relates to the assertion that one can use noise-reduction, i.e. Wiener filters, to lift 

20 a watermark and, then using threshold and masking techniques, one can re-embed it in 
a new image. Interestingly, these concepts are related because they both include an 
additional scanning and printing cycle, assuming the copy attack works on printed, not 
only digital, content. This type of semi-fragile watermark can be used to determine if a 
watermarked document has been copied, possibly using a high quality copier and low 

25 quality reader, and as such, can stop copying and can be used to measure quality of 
service. 

One approach to implementing a semi-fragile watermark is to embed extra 
signal peaks in the Fourier magnitude domain that are of varying intensity, and have the 
watermark decoder determine if the watermark has been scanned and printed by the 
30 relative power of the extra and original calibration signal peaks. The extra peaks refer 
to a set of peaks used to implement the semifragile watermark. The original calibration 
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signal peaks refer to the ones already included in the watermark to determine its 
orientation in a geometrically distorted version of the watermarked signal. For an 
example of such a calibration signal, see U.S. Patent No. 5,862,260 and U.S. 
Application No. 09/503,881, which are incorporated by reference. Some peaks are 
5 referred to as "extra" because they are included in addition to other peaks that form the 
original set of peaks in a calibration signal. 

One advantage of including the semi-fragile watermark in the calibration signal 
is that the robust part of the watermark, which includes the desired detailed information 
such as a unique ID, is the multi-bit message, whereas the fragile part, which is only 
10 used to determine copying, is a few bit message. The fragile watermark can be 

considered as a single bit (copied or not) but actually allows more information by being 
frequency specific, as described below. Interestingly and potentially advantageously, 
the semi-fragile watermark is separate but inherently related to the robust watermark — 
thus they cannot be separated for successful copy attacks. 
15 Specifically, the extra calibration signal peaks should be located at frequencies 

that best discriminates between the printing and scanning process, normal scuffing and 
a web camera reader. These locations can be determined by analyzing the frequency 
response of printing, scanning, scuffing and web cameras for frequency differences. 

For example, a printing-scanning process may represent high-frequencies better 
20 than a camera, but not low frequencies. In addition, scuffing may show low-and-high 
frequency losses. Thus, the reader will be able to determine if the watermark has been 
copied, involving an additional scanning-printing process, by the relative intensities of 
the extra and original calibration signal peaks at low and high frequencies. In this 
example, high-and-low frequency loss is acceptable, whereas only low frequency loss 
25 represents a copied watermark. 

In addition, the extra calibration signal peaks could also be dependent upon the 
content of the host signal, thus providing additional defense against the copy attack. 
For example, the host image samples could be broken in 16 equal sub-blocks, and the 
location of the extra peaks depends upon the average intensity of each quadrant to the 
30 total average intensity. Or, if only a section of the image is visible to the reader, each 
32 by 32 sample block could be used in the above calculation instead of the complete 
image. Any "hash" of the host image that survives a web camera reader (referred to as 
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a perceptual hash) could be used. To this end, if the watermark is moved to another 
picture, after it is read, it is less likely that the extra calibration signal peak locations are 
correct, not to mention that the less intense calibration signal points have been removed 
by the additional scanning-printing process. 
5 Alternatively, in regards to the copy attack, the content dependent information 

could be used to slightly move the location of a few original calibration signal peaks, as 
opposed to adding extra calibration signal peaks. This means that the image content is 
implicitly in the calibration signal's jitter, and the copy attack is less likely to succeed 
unless the read and embedded images have the same perceptual hash. On the one hand, 

1 0 this approach may reduce robustness of the robust message to scaling, rotation and 
translation. On the other hand, no extra bits containing the output of the perceptual 
hash need to be embedded in the robust message. 

Based upon a different basic approach for stopping the copy attack, one could 
create a 16-bit key from the perceptual hash described above (or similar key from any 

1 5 perceptual hash) and use it to encrypt (using RS A or DES) or scramble (using XOR) 
the payload and CRC bits before embedding them with an embedding protocol, which 
may include convolution and/or repetition. This means that the reader can only 
correctly decrypt or descramble the payload and CRC bits if the perceptual hash of the 
read image matches that of the embedded image. Thus, the copy attack is less likely to 

20 be successful without requiring extra bits to be included to carry the output of the 

perceptual hash. This 1 6-bit key could use any method of feature based identification 
or vector creation, such as listed in US Patent Nos. 4,677,466, 5,436,653, 5,612,729, 
5,572,246, 5,621,454, and 5,918,223, and PCT patent applications WO01/20483 and 
WO01/20609, which are hereby incorporated by reference. 

25 

Broadcast monitoring and quality of service with a watermark 

When content is watermarked with a unique identifier (ID), any receiver with a 
watermark detector can monitor what content is retrieved. The content can be 
30 identified by name via resolving the ID in a secondary database that contains at least 
IDs and related names, potentially including content owners who should be informed 
that the content was distributed. . The assignee has several patent applications related to 
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this invention. See, for example, U.S. Patent Application Nos. 09/571,422, filed May 
15, 2000, 09/563,664, filed May 2, 2000, and 09/574,726, filed May 18, 2000, which 
are incorporated herein by reference. 

However,an-mterestmg~imp«^ 

5 be^measured7^ 3 cly ( 

^"^l^^^^wb^'wmtstolmow ^ itebrajdcaSts are'beiiigr^ved.wi&highy' i 

fquaTfly^^ ._. '> 

The quality of the watermark can be determined in many fashions including 
using semi-fragile watermarks as described in this document with the application of 

10 copy resistance in mind. (Measunngme de^datioliof the" waterm^k^ui die received 
rnediasign^providelan uidjc^or of^qu^i^fjervice^ ' 

"^Ma :pac^ketdismb^OTi^>^tem, such as IP (Internet Protocol), a Quality of 
Service (QoS)method based upon semi-fragile watermarks is better than looking for 
dropped packets since it determines the effect of those packets on the video or audio. 

1 5 Many Internet video and audio players can re-create packets, and during times of slow 
scene changes, the quality may not be degraded badly. In addition, when the digital 
watermarks embedded in the packet stream have time segmented payloads that repeat at 
a defined or synchronized interval in the video or audio,-the QoS of-the video or audio 
can be measured over time by measuring the quality ^oY^eJmperceptible.digital 

20 watermark in the received video or audio stream, -j 

Measuring the Watermark Signal for Authentication and Quality of Service 

Tfil^are^mmtipre meM^ 
degreeof correlation between the reference watermark signal and the detected 5 
•^watermark signaVand a measure of symbol errors in the raw message estimates of the 
25 watermark message payload. One way to measure the symbol errors is to reconstruct 
the raw message sequence using the same error correction coding process of the 
watermark embedder on the valid message extracted from the watermark. This process 
yields, for example, a string of 1000 binary symbols, which can be compared with the 
binary symbols estimated at the output of the spread spectrum demodulator. r Thel 
30 £frohg^the agreemenH^ 
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To illustrate this method, it is useful to review how to embed the digital 
watermark message signal imperceptibly in the host media signal. In the embedder, the 
embedded bit sequence is created by error correction encoding a message payload, such 
as BCH coding, turbo coding, convolutional coding, Reed Solomon, etc. This 
5 embedded bit sequence is then spread spectrum modulated with a carrier signal, such as 
a pseudorandom sequence and embedded into the host media signal by subtly 
modifying the signal (e.g., adding a binary antipodal watermark signal resulting from 
the spread spectrum modulation to spatial or frequency domain samples of the host 
media signal). 

10 Now, referring to the watermark detector, an approach for measuring the 

strength of the watermark signal is as follows: 

1 . Use the message payload read from the watermark to re-create the original 
embedded bit sequence (including redundantly encoded bits from error correction 

1 5 coding) used for the watermark. 

2. Convert the original bit sequence so that a zero is represented by -1 and a one is 

represented by 1. 

3 . Multiply (element-wise) the soft-valued bit sequence used to decode the 
watermark by the sequence of step 2. In particular, the digital watermark reader 

20 produces a soft-valued bit sequence estimated from spread spectrum demodulating the 
watermark signal, and supplies the soft-valued sequence to the error correction decoder, 
such as a Viterbi decoder, which produces an error corrected message payload. The 
soft-valued sequence represents an estimate of the original, error correction encoded bit 
sequence values along with a probability or confidence value for each bit sequence 

25 value. The reader derives the soft value by aggregating (e.g., summing) the estimates 
from demodulated chips of the spread spectrum sequence used to encode that bit. 

4. Create one or more measures of watermark strength from the sequence resulting 
in the previous step. One such measure is the sum of the squares of the values in the 
sequence. Another measure is the square of the sum of the values in the sequence. 

30 Other measurements are possible as well. For example, soft bits associated with high 
frequency components of the watermark signal may be analyzed to get a strength 
measure attributed to high frequency components. Such high frequencies are likely to 
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be more sensitive to degradation due to photocopying, digital to analog and analog to 
digital conversion, scanning and re-printing, broadcast process distortion, etc. 
5. Compare the strength measures to thresholds to decide if the suspect image has 
been captured from an original or a copy of the printed object. For print object 
5 authentication, the threshold is derived by evaluating the difference in measured 

watermark strength of copied vs. original media objects on the subject printer platform 
used to create the original, and a variety ofcopiers^ scanners and Jointers used to create 
copies. fForqu^^ 

skong^far^c^x^ovidos an indicator of videos J 
10 (receiver. 

This same technique of measuring symbol errors can be applied to two or more 
different watermarks embedded at different spatial resolutions. Each of the watermarks 
may have the same or different message payloads. In the first case where the 

15 watermarks have the same message payloads, the message extracted from one of the 
watermarks may be used to measure bit errors in each of the other watermarks. For 
example, the message payload from a robust watermark embedded at a low spatial 
resolution may be used to measure the bit errors from a less robust watermark at a 
higher spatial resolution. If the watermarks carry different message payloads, then 

20 error coding, such as convolutional, Reed Solomon, or Turbo coding, and error 

detection bits, such as CRC bits, can be used in each message payload to ensure that the 
message is accurately decoded before re-creating the original, embedded bit sequence. 

Using two or more different watermarks enables a threshold to be set based on 
the ratio of the signal strength of the watermarks relative to each other. In particular, 

25 the signal strength of a first watermark at a high resolution (600-1200 dpi) is divided by 
the signal strength of a second watermark at a lower resolution (75-1 00 dpi). In each 
case, the signal strength is measured using a measure of symbol errors or some other 
measure (e.g., correlation measure). 

If the measured strength exceeds a threshold, the detector deems the watermark 

30 signal to be authentic and generates an authentication signal. This signal may be a 
simple binary value indicating whether or not the object is authentic, or a more 
complex image signal indicating where bit errors were detected in the scanned image. 
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For quality of service measurement, the ratio of signal strength provides a measure of 
the quality of service. 

The watermark and host signal can be particularly tailored to detect copying by 
photo-duplication and printing/re-scanning of the printed objectvOk^Sse^the^ 
5 wateimSk signal canbe tailored to detect video quality degradation ^or quality of 
service measui^^ entails embedding the watermark at particular^tiaL_P 

i /an<^^ message symbol 

eirors when ^ the^ject is re^printed or broadcast. - This detection process has an 
additional advantage in that it enables automatic authentication and/or quality of 
10 service measurement, it can be used with lower quality camera devices such as web 
cams and common image scanners, and it allows the watermark to serve the functions 
of determining authenticity as well as carrying a message payload useful for a variety 
of applications. For video quality of service measurements, the detection process can 
take place in the same hardware used to handle the video signal (assuming the video 
1 5 has a digital representation). 

The message payload can include an identifier or index to a database that stores 
information about the object or a link to a network resource (e.g.:, a web page on the 
Internet). Th^payload~ma^ identifier associated with a 

particular authentic ity a 
20 couht^ without authority to be^ 

detected and traced to a particular s<^c ersucfi as its printer, distributor or batch 
; number, j 

The payload may also carry printer characteristics or printer type information 
that enables the watermark reader to adapt its detection routines to printer types that 

25 generated the authentic object. For example, the payload may carry an identifier that 
specifies the type of print process used to create the authentic image, and more 
specifically, the attributes of the halftone screen. With this information, the reader can 
check authenticity by determining whether features associated with the halftone screen 
exist in the printed object. Similarly, the reader can check for halftone screen attributes 

30 that indicate that a different halftone screen process has been used (e.g., a counterfeit 
has been created using a different halftone screen). One specific example is a payload 
that identifies the halftone screen type and paper type. The reader extracts this payload 
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from a robust watermark payload and then analyzes the halftone screen and paper 
attributes to see if they match the halftone type and paper type indicated in the 
watermark payload. For example, the halftone type can specify the type of unstable 
screen used to create an authentic image. If this unstable screen is not detected (e.g., by 
5 absence of a watermark embedded in the unstable screen), then the image is considered 
to be a fake. 

A related approach for analyzing halftone type is to look for halftone attributes, 
like tell-tale signs of stochastic halftone screens vs. ordered dither matrix type screens. 
Dither matrix screens used in low end printers tend to generate tell tale patterns, such as 

10 a pattern of peaks in the Fourier domain that differentiate the halftone process from a 
stochastic screen, such as an error diffusion process, which does not generate such tell- 
tale peaks. If the reader finds peaks where none were anticipated, then the image is 
deemed a fake. Likewise, if the reader finds no peaks where peaks were anticipated, 
then the image is also deemed a fake. Before performing such analysis, it is preferable 

15 to use the embedded digital watermark to re-align the image to its original orientation at 
the time of printing. Attributes due to the halftone screen can then be evaluated in a 
proper spatial frame of reference. For example, if the original ordered dither matrix 
printer created an array of peaks in the Fourier domain, then the peak locations can be 
checked more accurately after the image is realigned. 

20 For quality of service measurement of broadcast signals, the payload may be 

used to carry information about the type of broadcast, or type of video processing used 
to create the broadcast video. The detector can then use this information to adapt the 
watermark signal measurements for the type of broadcast or video processing 
environment. For example, for certain types of broadcasts, watermark signal 

25 measurement can be made at selected frequencies and/or particular locations within the 
broadcast data stream. Also, the payload can be used to trigger certain types of quality 
measurements on surrounding frames of video from which the payload was extracted, 
and/or on particular parts of the frame where the watermark has been specifically 
embedded for quality of service measurements. 

30 The above methods for measuring quality of service of video and audio 

broadcasts apply to both radio frequency broadcasts as well as digital network 
broadcasts, just to name a few examples. In the case of a digital signal, the quality of 
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the received "raw" digital signal can be judged by any number of Channel State 
Measurement techniques that have been proposed. In the context of multimedia 
transmitted digitally over a network (like the internet), there can be congestion and 
packet losses. In this case, the communication channel does not have a guaranteed 
5 bandwidth; it only has some statistical description of availability. For video and audio, 
the solution is to use buffers at the receiver and transmitter to even out the statistical 
fluctuations in bandwidth. S^ll^^^^y^et^porary period wi^h^^e dropouts 
anctfor^thCT Histo^ thesecases, quality of "service momtoring is used to 

determine the quality of the reception over the network. The receiver can measure 

1 0 qfiality by determining when frames of video or audio have been lost or delayed. In 
addition, digital watermarks embedded in the video and/or audio can be used to give a 
more accurate measure of the actual quality of the delivered video; additionally, it has 
the advantage that it is independent of the video/audio coding standard used. In the 
case of quality of service monitoring on networks, thelftgit^^^ 

15 embedded temporally, as well as spatially (for media signals with a spatial component 
ylike video)^__ 

The digital watermark is embedded temporally by embedding it across time 
segments, such as by spreading and/or repeating the watermark signal across multiple 
frames, so that the watermark detector can assess the degradation of the watermark over 

20 those time frames. For instance, the watermark can be spread over time just as it is 

spread over space by spread spectrum modulating the watermark message with a carrier 
signal that spans a particular sequence of time frames. The message can then be 
repeated over blocks of these time frames. The watermark may also carry a time 
dependent payload so that time frames where the video or audio signal has been 

25 degraded can be identified through the payload. For example, portions of the stream 
where a watermark payload cannot be decoded indicate portions of the stream where 
the quality of service has been degraded. 

Concluding Remarks 

Having described and illustrated the principles of the technology with reference 
30 to specific implementations, it will be recognized that the technology can be 

implemented in many other, different, forms. To provide a comprehensive disclosure 
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without unduly lengthening the specification, applicants incorporate by reference the 
patents and patent applications referenced above. 

The methods, processes, and systems described above may be implemented in 
hardware, software or a combination of hardware and software. For example, the 
5 embedding processes may be implemented in a programmable computer or a special 
purpose digital circuit. Similarly, detecting processes may be implemented in software, 
firmware, hardware, or combinations of software, firmware and hardware. The 
methods and processes described above may be implemented in programs executed 
from a system's memory (a computer readable medium, such as an electronic, optical 
10 or magnetic storage device). 

The particular combinations of elements and features in the above-detailed 
embodiments are exemplary only; the interchanging and substitution of these teachings 
with other teachings in this and the incorporated-by-reference patents/applications are 
also contemplated. 
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We claim: 

1. A method of authenticating a media signal comprising: 
transforming at least a portion of the media signal into a set of frequency 

coefficients in a frequency domain; 
5 adjusting a relationship between selected frequency coefficients to a reference 

value such that an alteration to the media signal to be detected alters the relationship. 

2. The method of claim 1 wherein the media signal is an image signal. 

10 3. The method of claim 2 wherein the alteration to be detected is scanning, 

printing or photocopying the image signal. 

4. The method of claim 1 wherein the relationship comprises a ratio between a 
selected coefficient and one or more neighboring coefficients. 

15 

5. The method of claim 4 wherein the relationship comprises a ratio between 
the magnitude of a selected coefficient and an average of neighboring coefficients. 

6. The method of claim 1 including: 

20 embedding a calibration signal into the media signal to enable a detector to 

compensate for changes in scale or translation of the media signal after being adjusted 
according to the relationship. 

7. A computer readable medium on which is stored software for performing the 
25 method of claim 1. 

8. A detector for authenticating a media signal that has been processed 
according to the method of claim 1 . 

30 9. The detector of claim 1 including means for computing the relationship in a 

potentially corrupted version of the media signal and comparing the relationship with a 
threshold to detect alteration of the potentially corrupted media signal. 



WO 02/23468 



« > .» 



PCT/US01/28523 



-20- 

10. A method of authenticating a media signal comprising: 

evaluating signal peaks at selected frequency coefficients of the media signal, 
where the media signal has been previously modified to include peaks at the selected 
5 frequencies; and 

determining based on degradation of the signal peaks whether the media signal 

has been altered. 

1 1 . The method of claim 10 including using one or more of the peaks to re- 
10 orient the media signal. 

12. The method of claim 10 including: 

correlating the media signal with a calibration signal having an arrangement of 
peaks at selected frequency coefficients to determine translation and scale of the media 
15 signal. 

13. The method of claim 12 including: 

correlating the media signal with the calibration signal to determine rotation of 
the media signal. 

20 

14. The method of claim 10 wherein the media signal is an image. 

15. The method of claim 10 wherein the media signal is an audio signal. 
25 16. The method of claim 10 wherein the media signal is a video signal. 

17. A computer readable medium having software for performing the method 
of claim 10. 

30 18. A watermark decoder comprising: 

a detector for correlating a calibration signal with a media signal suspected of 
carrying a watermark to determine orientation parameters describing orientation of the 
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media signal at embedding of the watermark, where the calibration signal includes a set 
of peaks at selected frequency coefficients; and 

an analyzer operable to orient the media signal using the orientation parameters 
and to evaluate whether the media signal has been altered after the embedding by 
5 examining signal peaks at selected frequency coefficients in the media signal. 

19. The decoder of claim 1 8 wherein the detector and analyzer use at least 
some of the same frequency coefficients for detennining orientation and evaluating 
whether the media signal has been altered. 

10 

20. The decoder of claim 18 wherein the analyzer is used to detect reproduction 
of a printed image by examining degradation of the media signal at selected frequency 
coefficients. 

15 21 A method of measuring quality of service of a broadcast media signal using 

a digital watermark embedded in the broadcast media signal, the method comprising: 
extracting a digital watermark from the broadcast media signal; and 
evaluating the extracted digital watermark relative to a reference digital 
watermark to measure degradation in quality of service of the broadcast media signal 
20 based on differences between the extracted and reference digital watermarks. 

22. A computer readable medium on which is stored instructions for 
performing the method of claim 21. 

25 23 . The method of claim 21 wherein the evaluating includes comparing signal 

peaks of the broadcast media signal and the reference digital watermark. 

24. The method of claim 23 wherein the signal peaks comprise frequency 
domain peaks. 

30 

25 . The method of claim 23 wherein the evaluating includes measuring signal 
strength of the extracted watermark by measuring differences between a watermark 
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message signal decoded from the broadcast media signal and a reference watermark 
message signal. 

26. The method of claim 25 wherein the watermark message signal decoded 
5 from me broadcast media signal is spread spectrum demodulated from the broadcast 

media signal. 
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